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and cystathionine-c-lyase (CSE). CBS was ubiquitously distributed in the mouse pancreas, but CSE
was found only in the exocrine. Freshly isolated islets expressed CBS, while CSE was faint. However,
high glucose increased the CSE expression in the beta-cells. L-Cysteine or NaHS suppressed islet cell
apoptosis with high glucose, and increased glutathione content in MIN6 beta-cells. Pretreatment
with L-cysteine improved the secretory responsiveness following stimulation with glucose. The
CSE inhibitor DL-propargylglycine antagonized these L-cysteine effects. We suggest H2 S may function
as an ‘intrinsic brake’ which protects beta-cells from glucotoxicity.
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Hydrogen sulﬁde (H2S) may be a multifunctional gasotransmit-
ter in various tissues [1]. H2S can be synthesized in vivo as a prod-
uct of L-cysteine metabolism by cystathionine-b-synthase (CBS)
and cystathionine-c-lyase (CSE). The former is dominantly ex-
pressed in neural cells and the latter in smooth muscle [2,3]. We
have recently reported that both enzymes are present in the pan-
creatic islets and that H2S, produced by L-cysteine metabolism,
inhibits insulin release [4]. The effects of L-cysteine and the H2S do-
nor NaHS on the beta-cells were accompanied by the inhibition of
glucose metabolism and suppression of glucose-induced [Ca2+]i
oscillation. Apart from such acute effects, long-term exposure to
H2S exhibits distinct biological activities. Recently, more attention
has been paid to the effects of H2S on cell survival/death [5–8].
However, the roles of H2S in cell survival/death in the native islets
have not been examined.
Tissue L-cysteine contents and plasma L-cysteine levels have
been reported to increase in streptozotocin (STZ)-treated diabetic
rats [9,10]. The expression levels and the activities of CSE andchemical Societies. Published by ECBS in the pancreas and liver, as well as plasma H2S concentra-
tions, increased in STZ-treated rats [11]. These ﬁndings suggest
that L-cysteine metabolism and eventual H2S production may be
modulated under the diabetic condition.
In this study, we examined the effects of glucose on the expres-
sion levels of CSE and CBS in pancreatic islets. We also studied the
role of H2S in high glucose-induced beta-cell death.2. Materials and methods
2.1. Animals
All experiments using laboratory animals in this study were in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals of NIH and approved by the University Committee on Animal
Experiments in accordance with the Guideline for Animal Experi-
mentation in Oita University.
2.2. Immunohistochemistry of mouse pancreata
Pancreata from male ICR mice (SLC, Hamamatsu, Japan) aged 8–
12 weeks were ﬁxed with 3% paraformaldehyde and cryosectioned
at 5 lm. Cryosections were incubated with anti-insulin guinea piglsevier B.V. All rights reserved.
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rabbit antibody, followed by incubation with the second antibodies
and DAPI (Dojindo, Kumamoto, Japan). The anti-CSE antibody was
raised against a mouse CSE C-terminal polypeptide (LDRALKAAHP)
and the anti-CBS antibody was raised as described in [12].
2.3. Islet isolation and primary culture
Pancreatic islets were isolated from male ICR mice by collage-
nase digestion. HEPES-buffered Krebs-Ringer bicarbonate buffer
(HK buffer) containing 119 mM NaCl, 4.75 mM KCl, 5 mM NaHCO3,
2.54 mM CaCl2, 1.2 mMMgSO4, 1.2 mM KH2PO4 and 20 mM HEPES
(pH 7.4) with 3 mM glucose was used for the isolation. Isolated is-
lets were cultured in the RPMI 1640 supplemented with 66 mg/l
kanamycin (Sigma, St. Louis, MO) and 10% FBS (JRH Biosciences, Le-
nexa, KA).
2.4. Immunostaining of isolated islets
Primary cultured islets with 5 or 20 mM glucose were ﬁxed,
embedded and sectioned every 5 lm. After incubation with anti-
glucagon mouse antibody (Sigma) and anti-CSE rabbit antibody,
the sections were further incubated with the second antibodies.
2.5. RT-PCR
Total RNA was extracted using the RNeasy Total RNA kit (Qia-
gen, Hilden, Germany). RT-PCR was performed using the One-Step
PCR kit (Qiagen) as described in [4].
2.6. Real-time quantitative PCR
The ﬁrst strand cDNA was synthesized from total RNA using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA). Primers and probes for CSE, CBS and b-actin
were from Applied Biosystems: for CSE, Mm00461247_m1, for CBS,
Mm00460654_m1 and for b-actin, Mm00607939_s1, respectively.
Relative expression levels were analysed using the DDCt method
with b-actin as an internal control.
2.7. Immunoblot analysis
Mouse islets were sonicated in an ice-cold buffer containing
20 mM Tris–HCl (pH 7.4), 2 mM EDTA, 2 mM 2-mercaptoethanol,
50 lg/ml PMSF, 10 lg/ml aprotinin, 10 lg/ml leupeptin and
250 mM sucrose. Protein samples were subjected to immunoblot-
ting with anti-CSE and anti-CBS antibodies. The blotted ﬁlter was
stripped and reblotted with anti-b-actin antibody (Sigma).
2.8. Apoptotic cell death
After culturing 150 mouse islets for 18 h, extracted DNA was
separated on a 2% agarose gel and visualized with ethidium bro-
mide. In another set of experiments, cytoplasmic histone-associ-
ated DNA fragments in islets were quantiﬁed by the cell death
detection ELISA kit (Roche Diagnostics Mannheim, Germany),
which detects DNA-laddering with anti-histone and anti-DNA
monoclonal antibodies.
2.9. Glutathione assay
MIN6 cells, a mouse insulinoma cell line, were cultured in
DMEM (Sigma) supplemented with 66 mg/l kanamycin and 15%
FBS. MIN6 cells (2  107 cells) were incubated with or without
L-cystiene or NaHS. After incubation, cells were sonicated in aphosphate buffer (pH 7.0) with 1 mM EDTA. Total glutathione con-
tent was measured by a glutathione assay kit (Cayman Chemical
Company, Ann Arbor, MI).
2.10. Insulin secretion
Groups of ﬁve size-matched mouse islets were cultured for 18 h
under various conditions. The islets were preincubated in
L-cysteine-free HK buffer with 0.1% BSA (fraction V from Sigma)
and 3 mM glucose for 1 h. These islets were then incubated for
1 h with 3 or 10 mM glucose. Released insulin was measured by
a RIA kit (Eiken Chemical, Tokyo, Japan) or an ELISA kit (Shibayagi,
Gunma, Japan).
2.11. Statistics
Results were expressed as mean ± S.E.M. Statistical evaluation
was made by one-way ANOVA followed by the Tukey’s method.3. Results
3.1. Distribution of CSE and CBS in the mouse pancreas
CSE was scarcely found in the mouse pancreatic islets, whereas
it was present in the cytoplasm of the pancreatic exocrine cells
(Fig. 1A–D). In contrast, CBS was expressed in the cytoplasm of
both islet cells and exocrine cells (Fig. 1E–H). It should be noted
that islet cells in the pancreas can be inﬂuenced by H2S produced
by CBS/CSE in the exocrine cells, because H2S is highly permeable
through plasma membranes.
3.2. Effects of glucose on expression levels of CSE and CBS in the mouse
islets
In RT-PCR, CSE expression was faint in fresh mouse islets, and
also in islets incubated with substimulatory (5 mM) glucose. CSE
expression was, however, dramatically increased by stimulatory
(10 or 20 mM) glucose. In contrast, CBS was moderately expressed
even in fresh islets. However, glucose stimulation only slightly in-
creased the expression (Fig. 2A). Glucose-induced increase in CSE
mRNA was also veriﬁed by real-time PCR (Fig. 2B) and an immuno-
blot analysis conﬁrmed this (Fig. 2C). In immunoblots, CSE and CBS
looks equally expressed even in fresh islets because of differences
in the antibody titers and/or exposure time.
3.3. CSE distribution in the mouse islets
In mouse islets cultured with 5 mM glucose, CSE expression was
weak in the glucagon-negative islet cells (mostly beta-cells), while
glucagon-positive cells were CSE-positive (Fig. 3, upper lane). In
contrast, beta-cells evidently expressed CSE when incubated with
20 mM glucose (lower lane).
3.4. Effects of L-cysteine and NaHS on glucose-induced apoptotic cell
death
DNA from fresh mouse islets did not show any evident ladder-
ing. Incubation of islets with 5 mM glucose caused DNA laddering,
which was enhanced with 20 mM glucose. Co-incubation of the is-
lets with 3 mM L-cysteine suppressed high glucose-induced DNA-
laddering (Fig. 4A). In the cell death assay, incubation of islets with
5 mM glucose increased the apoptotic rate, and 20 mM glucose
further increased it. The increase was inhibited by co-incubation
with 3 mM L-cysteine or 100 lM NaHS. This L-cysteine effect was
Fig. 1. Distribution patterns of CSE and CBS in the mouse pancreas. Mouse pancreas was immunostained with anti-CSE (A, D, in green) or anti-CBS (E, H, in green) antibodies
and anti-insulin (in red) antibody. DAPI staining was for detection of the nuclei (in blue). Bar = 50 lm.
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(Fig. 4B).
3.5. Effects of L-cysteine and NaHS on the glutathione content
Incubation with 3 mM L-cysteine for 18 h signiﬁcantly increased
the glutathione content in MIN6 cells. Incubation with 100 lM
NaHS for 6 h also increased the content. However, a longer expo-
sure (18 h) to NaHS increased the content to a lesser extent andit did not reach statistical signiﬁcance. PPG at 2 mM decreased
L-cysteine-induced glutathione production (Fig. 5).
3.6. Effects of L-cysteine pretreatment on insulin release
After culturing with 20 mM glucose, stimulation with 10 mM
glucose resulted in a 4-fold increase in insulin release as compared
with the basal. Insulin release following stimulation from L-cys-
teine-pretreated islets was signiﬁcantly higher than that from
Fig. 2. Effects of glucose on the CSE and CBS expressions in the mouse islets. (A) Mouse islets were incubated with various concentrations of glucose for 18 h. Expression
levels of CSE, CBS, and GAPDH (internal control) were examined by RT-PCR. **P < 0.01 as compared with fresh islets, n = 4–6. (B) Islets were incubated with 5, 10 or 20 mM
glucose for 18 h. The expression levels of CBS (open columns) and CSE (shaded columns) were examined by real-time quantitative PCR. **P < 0.01 as compared with fresh
islets, n = 3–4. (C) After incubation with 10 or 20 mM glucose, the expression levels of CSE and CBS in mouse islets were examined by immunoblotting. The ﬁlter was reblotted
with anti-b-actin antibody for an internal control.
Fig. 3. CSE distribution in the mouse islets. Islets were incubated with 5 or 20 mM glucose for 18 h, and immunostained with anti-glucagon (red) and anti-CSE (green)
antibodies. Bar = 50 lm.
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was not altered. Potentiation of insulin release by the L-cysteine
pretreatment was not reproduced with D-cysteine (Fig. 6). PPG at
2 mM decreased the enhancing effect of L-cysteine on the release.
The insulin content was not changed by the pretreatment (not
shown), suggesting that the apoptotic cells in the islets are rather
few.4. Discussion
Expression of CSE in the mouse islets was modulated in a man-
ner different from that of CBS: (i) CSE was scarcely found in thebeta-cells by immunostaining, (ii) CSE expression was rather low
in the fresh islets and (iii) CSE expression was markedly increased
by high glucose. In contrast, CBS expression seems to be relatively
constant: (i) the enzyme was distributed in the beta-cells as abun-
dantly as the exocrine pancreas, (ii) it was considerably expressed
in fresh islets and (iii) CBS expression was relatively stable regard-
less of concomitant glucose concentrations. These results suggest
that CSE may function as an inducible H2S-producing enzyme,
while CBS is constitutive. This reminds us of the roles of the iso-
forms of nitric oxide synthases (NOS) [13].
What is the role of glucose-induced expression of CSE in the
beta-cells? We consider that it may be involved in the prevention
of cytotoxicity. There is considerable evidence suggesting that H2S
Fig. 4. Protection of islets against glucose-induced apoptosis by L-cysteine and NaHS. (A) After culturing for 18 h under various conditions as indicated, DNA extracted from
mouse islets were electrophoresed and DNA laddering was visualized with ethidium bromide. (B) Cytoplasmic histone-associated DNA fragments were quantiﬁed by ELISA to
evaluate apoptotic cell death. *P < 0.05 and **P < 0.01. n = 4–6.
Fig. 5. Effects of L-cysteine and NaHS on the glutathione content in MIN6 cells.
MIN6 cells were incubated with or without L-cysteine, PPG or NaHS for 6–18 h as
indicated. Cells were then extracted and the glutathione content was measured.
**P < 0.01, n = 3–4.
Fig. 6. Preservation of the secretory activity of the mouse islets by pretreatment
with L-cysteine. Islets were cultured in a medium containing 20 mM glucose with or
without 3 mM L- or D-cysteine, and 2 mM PPG for 18 h as indicated. After culturing,
islets were preincubated for 1 h with 3 mM glucose and further incubated with 3 or
10 mM glucose for 1 h. Insulin release was expressed as a percentage of the insulin
content *P < 0.05, n = 6.
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H2S are variable among these reports. For example, H2S was re-
ported to protect rat neural cells from glutamate-induced cell
death [6] and to promote the survival of human granulocytes un-
der a serum-free condition [5]. On the contrary, H2S induced apop-
totic cell death in mouse pancreatic exocrine cells and rat neural
cells [7,8]. This discrepancy may result from the differences in
the H2S sensitivity of the cells or in the conditions used for the
induction of apoptosis.
Glucose is the most important insulin secretagogue. High
glucose is, however, harmful for native beta-cells and causes
apoptosis [14], when exposed for a long duration. We consider
that multiple mechanisms may be involved in the beta-cell pro-
tection by H2S. High glucose increases oxidative stress, deﬁned
as cellular damage due to the reactive oxygen species (ROS). We
suggest that L-cysteine and NaHS may attenuate glucose-induced
oxidative stress. One simple explanation is that their reducing ef-
fect counteracts glucose-derived ROS. However, we propose that
another mechanism should underlie because glucose generates
ROS after long exposure, but H2S generated by NaHS is short-
lived.
Glutathione is a major anti-oxidant that reacts with ROS. Inter-
estingly, L-cysteine prevents the beta-cell line RIN m5F from
hydrogen peroxide-induced cell death and increased glutathione
content [15]. Indeed, we found that L-cysteine and NaHS increased
glutathione content in MIN6 cells. Likewise, H2S increases gluta-
thione content and exerts cytoprotective roles in neuronal cells
[6,16]. Therefore, glucose-induced H2S production may reduce
concomitant oxidative stress via increasing the glutathione con-
tent. This may explain the prolonged effect of H2S on beta-cell sur-
vival. Our ﬁndings are inconsistent with a recent report that H2S
exacerbates apoptosis of INS-1E cells [17]. Again, this may result
from differences in cells and/or apoptosis induction. Moreover, tu-
mor cell lines may acquire distinct biological features including
cell survival/death. A previous report demonstrated that glucose-
induced beta-cell apoptosis results from the persistent Ca2+ inﬂux
[14]. Because L-cysteine and NaHS inhibited Ca2+ oscillation in the
pancreatic beta-cells [4], increased CSE expression may suppress
glucose-induced apoptosis via its effect on the intracellular Ca2+
dynamics.
Our present ﬁndings suggest that CSE may be an ‘intrinsic
brake’ which functions as a safety device. Inducible production of
H2S suppresses insulin secretion in a short term [4], and prevents
the glucotoxicity after a long exposure to high glucose. If this
mechanism works in diabetic beta-cells in vivo, we consider that
glucose-induced CSE expression may be a self-defense mechanism
against beta-cell exhaustion under hyperglycemia.
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